2 KEYWORDS: Two-dimensional materials; Molybdenum disulfide (MoS 2 ); Transition metal dichalcogenides; Chemical vapor deposition; Seeds; Aligned growth. Two-dimensional (2D) transition metal dichalcogenides (TMDCs) have attracted significant attention owing to their unique electrical, 1-2 optical, 3-5 mechanical 6 and thermal 7 properties inherited from their 2D structures. In clear contrast to the semi-metallic graphene or the unstable black phosphorous, 8 the ambient stable 2D TMDCs demonstrate promising properties for electronic and photoelectronic applications, such as field-effect transistors, 1, 9 sensors, 10-11 solar cells 12 and photodetectors. 3, [13] [14] The molybdenum disulfide (MoS 2 ) monolayer, with a direct energy gap, 15 strong photoluminescence, 16 efficient valley and spin control, 2 is one of the most intensively explored member in the 2D TMDCs family. It can be obtained by mechanical, 17 chemical 18, 19 or electrochemical 20 exfoliation. However, these strategies lack uniformity and produce defect-rich samples, which may not be suitable for largescale device fabrication. For this reason, chemical vapor deposition (CVD) methods using the solid precursors MoO 3 and S powders have been developed. 21 Nevertheless, the developed CVD methods can not guarantee to synthesize defectless TMDCs with uniform thickness and orientation. The grain boundary between different domains can lower the quality of TMDCs as electronic devices by breaking the structural periodicity and introducing strain defects.
Huang et al. have further shown that the electronic structures of the grain boundary strongly depends on the misorientation angle of adjacent domains. 22 Hence, recent research efforts have dedicated special attention to control the orientation in order to obtain a large-scale and grain boundary-free monolayer films for higher electron mobility. 23 Owing to the lattice symmetry of the 2D TMDCs layers, they are typically grown as triangles, hexagons or truncated triangles. [24] [25] The growth of aligned TMDCs triangles has been achieved on top of other crystalline layered materials such as graphite, 26 graphene [27] [28] [29] or boron nitrides, 30 where the TMDC monolayers are either aligned by the graphite step edges or with the substrate lattice through van der Waals (vdW) interaction. The aligned growth has also been 3 successfully achieved on single crystal substrates with compatible lattice constants such as GaN, [31] [32] mica 33 and sapphire. [34] [35] Sapphire has been widely used as a substrate for the growth of 2D TMDC layers owing to its special lattice constant and flat insulating surfaces. Many reports have adopted c-plane sapphire as the substrate for growing TMDC layers. 17, 30, 31 However, it is known that the sapphire surface can be reconstructed at high temperatures to form long terraces and wide steps. 36 However, several other reports did achieve the aligned TMDC triangles without sapphire pre-annealing at such a high temperature prior to the growth. 37 Apparently, the fundamental details of aligned growth are still not yet fully understood. Since many parameters in CVD also affect the growth of TMDCs, such as precursor ratio, pressure, temperature, a systematic study to understand the mechanism of orientation alignment is required. In this study, we report that step-edge or terrace formation on sapphire is not the deterministic factor for the aligned growth of MoS 2 . The highly oriented MoS 2 monolayers can be achieved at a much lower temperature (750 o C). The higher ratio of sulfur to MoO 3 at the initial nucleation step leads to a relatively smaller size of seeds spontaneously formed on sapphire.
Consequently, these small seeds can easily rotate to the energetically favorable position, which is determined by the lattice structure of the substrate, leading to preferred orientation and alignment of TMDCs. By contrast, a lower sulfur to MoO 3 ratio typically results in a larger size of seeds, which loses the capability of orientation control. High-resolution transmission electron microscopy (HRTEM) and energy dispersive X-ray analysis (EDX) reveal that the seeds are also crystalline MoS 2 layers. Density functional theory (DFT) simulations confirm that the small MoS 2 seeds exhibit preferred orientation on c-plane sapphire. This work provides a fundamental understanding of the seed formation and mechanism for orientation-controlled growth of TMDC monolayer.
RESULTS AND DISCUSSION

Effect of S/MoO 3 precursor ratio on MoS 2 alignment
We adopt the CVD growth process first reported by Lee, et locations. Figure 1d shows the relative concentration of MoO 3 at these locations based on the analysis of our separate experiment which determines the relative concentration of Mo deposits on substrates using EDX (details in supporting materials, Table S1 and Figure S1 ). The results clearly show that MoO 3 vapor concentration fast decreases with the distance away from the MoO 3 source. Note that in our experiments the sulfur vapor concentration is in excess relative to MoO 3 inside the tube. Hence, our experiments were different from that described by Govind Rajan, et al., 40 where MoO 3 concentration was constant but S concentration decays along the reaction tube. In addition, the diffusivity of sulfur vapors is much higher than that of MoO 3 . 41 As a result, the S/MoO 3 ratio significantly increases with 
Growth of aligned MoS 2 monolayers with a seeding step
Since a sulfur-rich environment is essential to form small MoS 2 seeds as hypothesized above, the twostep heating profile T 2B (shown in Figure 1b ) is designed to achieve better alignment across the whole Figure S3 . This observation is consistent with Pan et al., where they revealed that at the low temperature of 750 °C tiny monolayers on Si substrate were obtained. 42 Therefore, we designed a profile where after aligning small seeds at 750 °C, the temperature is increased to 800 Figure 2c and the corresponding statistical orientation analysis in Figure 2d clearly demonstrates the feature of random orientation. We have also performed separate experiments to examine the importance of the sulfur rich condition on MoS 2 alignment by changing the feeding time of sulfur. The results in Figure S4 show that early feeding of S vapors results in better orientation alignment, strongly corroborating our hypothesis.
At a high temperature, c-plane sapphire would usually develop terrace structures with atomic steps on the surface. Aligned growth as guided by those steps has been reported for WSe 2 on sapphire, where the growth temperature was above 950 o C. 35 However, in our case the growth temperature of 800 o C is not sufficiently high to conduct step edge-guided aligned growth. Consequently, our growth orientation is controlled by lattice crystal structure of the substrates instead of the terraces. Figure 2e shows an atomic 7 force microscope (AFM) image for a monolayer MoS 2 grown by our process on a sapphire substrate, where the edge of the flake is clearly not aligned with the steps from terrace structures.
Structure of the seeds
To explore the structure of the seeds, the growth is stopped after the seed formation stage (750 o C for 5 min in a sulfur-rich environment). AFM is adopted to characterize the morphology and size of the seeds initiated at this stage. Figure 3a is a typical AFM image for the seeds formed at the upstream side of the reaction zone. The shape of the seeds is identified as a triangle (more AFM images of the MoS 2 seeds are provided in supporting information Figure S5 ). Unlike the results for one-step heating profile, the triangles in the upstream are aligned since the two-steps heating profile results in small seeds in all the substrate locations which can rotate and align to the substrate. Figure 3b shows the cross-sectional height profile for the seed along the dashed line in Figure 3a , given a thickness of ∼0.6 nm monolayer which agrees well with the reported thickness of MoS 2 monolayers. constructed to minimize the lattice constant mismatch to 0.7%. As described, we believe the MoS 2 monolayer is deposited on the sapphire c-plane with oxygen terminations, which is in clear contrast to the previously proposed models using the sapphire terminated with H or Al. 34 After optimization 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   9 angles with the most favorable position of the MoS 2 seed as shown in Figure 5d . Considering the symmetry feature of our model, the results corresponding to 0~60 degree relative orientation were demonstrated in this report.
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